HUNTS are the mainstay of treatment for hydrocephalus, but their management is fraught with problems and pitfalls.
Clinical Materials and Methods
This prospective study was performed between 2003 and 2006 at the University of Wisconsin-Madison with institutional review board approval. Patients eligible for inclusion met the following criteria: age Ͻ 18 years; suspected to have a possible shunt malfunction; and had undergone an imaging study and any other indicated procedure for appropriate workup of shunt failure. Informed consent was obtained from a parent of each patient (and ascent from all children older than 6 years) once a decision to tap or revise the shunt had been made.
The patients were divided into 2 groups: Group A consisted of patients in whom a shunt tap was performed for diagnostic reasons when CT or MR imaging findings were questionable or to rule out infection. A combination of clinical criteria and diagnostic studies were used to determine whether the patient should have an operative shunt exploration. Patients with normal findings on shunt tap, improving symptoms, and negative CT or MR findings did not undergo surgery and were thus excluded from the study. The rest of the children underwent surgical shunt exploration based on one or more of the following indications: 1) abnormal shunt tap (poor flow or good flow with high open-ing pressure); 2) worsening symptoms; 3) lack of improvement in symptoms after a period of in-hospital observation; and/or 4) rapidly life-threatening symptoms, namely central bradycardia or apnea spells as evident on cardiorespiratory monitoring.
Group B consisted of patients in whom it was clinically or radiographically clear that the shunt had failed, and in whom a shunt tap was not needed to determine shunt function. In these patients, a shunt tap was performed in the operating room prior to shunt exploration.
Shunt Tap Technique
After the scalp is prepared and draped following standard sterile guidelines, the shunt reservoir is accessed using a 23-gauge butterfly needle attached to 30 cm of tubing. A 3-ml syringe is available for aspiration if necessary. If CSF returns spontaneously or with Յ 1 ml of back pressure from the 3-ml syringe, the tap is considered to have good flow. If CSF returns only with 2-3 ml of negative pressure or not at all, the tap is considered to have poor flow. When possible, opening pressure is determined by measuring the column of fluid above the child's ear in a supine position, and a CSF sample is then sent for routine infection surveillance. For the purposes of this study, opening pressure was deemed elevated if Ͼ 25 cm H 2 O.
Technique of Shunt Exploration/Revision
Surgical shunt exploration proceeds in the usual fashion for our institution. The incision is opened and the proximal catheter disconnected from the valve. The distal system is then tested using a manometer. In the presence of normal runoff from the manometer into the distal shunt system, the distal catheter and valve are deemed functional. A 1-mm nondisposable endoscope is introduced into the ventricular catheter in search of an obstruction, and the catheter is assessed for adherence to brain tissue. The shunt is then revised as needed. Possible findings of exploration include obstructed proximal catheter, valve, or distal catheter or no obstruction. The proximal catheter is said to be obstructed when either a full or significant occlusion of the catheter is seen with the endoscope, or if the catheter is adherent to brain tissue and shows no spontaneous flow.
Data Gathering and Analysis
Shunt tap and surgical findings were reported in a prospective manner using data sheets approved by our institution's institutional review board. Results were analyzed using the Pearson chi-square technique.
Results

Demographic and Clinical Data
Fifty-one children who underwent 68 shunt taps qualified for study inclusion. The following patients were excluded from the study: 1) one patient who had previously undergone Ͼ 10 shunt revisions; 2) patients in whom shunt revision was required on an emergency basis, without time for study consent; and 3) patients in whom the tap or consent were overlooked or forgotten. There is no reliable method to estimate how many admissions were overlooked or forgotten, but it is estimated to be Ͻ 15% of all of those that might have qualified for the study.
The ages of the patients ranged from 2.5 months to 17 years (mean 7.3 years). The causes of hydrocephalus and the patients' presenting symptoms are shown in Tables 1  and 2 and are similar to those reported previously. 5 All of the patients underwent cranial imaging (CT or MR imaging) as per the routine workup of possible shunt malfunction. Table 3 shows the size of the ventricles relative to the patient's baseline. (All patients at our institution undergo annual screening scans, so baseline ventricular size was available for all patients).
Shunt Taps
In 28 of the 68 taps, CSF flow into the butterfly tubing was poor, while in the other 40, the flow was good (as defined in Clinical Materials and Methods). When flow was good, opening pressure was assessed. Opening pressure was found to be elevated in 12 (30%) of the 40 taps in which it could be assessed.
Surgical Findings
The types of shunt malfunction as discovered on surgical exploration were as follows: 66% of procedures showed proximal obstruction; 18% distal catheter malfunction; and 3% valve malfunction. Although 9 interventions (13%) did not reveal an obvious malfunction, surgical exploration resulted in symptom resolution in 5 of them. These findings are similar to previous reports. 3, 4 Of the procedures in which proximal malfunction was found, 44% showed a complete occlusion of the proximal catheter, 24% a partial occlusion, and 31% a proximal catheter adherent to the brain without spontaneous flow on exploration. Figure 1 shows the surgical findings.
Correlation of Tap and Surgical Findings
Poor Flow on Shunt Tap. Of the 28 shunt taps in which CSF flow was poor, 26 (93%) were associated with proximal catheter malfunction at surgery. One patient had a valve obstruction and in another no obstruction was discovered. The patient without any obstruction did not improve clinically, underwent shunt revision 2 days later due to worsening symptoms, and again was found to have no obstruction. She later underwent intracranial pressure monitoring and was found to have increased intracranial pressure despite a working shunt. One week later, she underwent cranial expansion surgery for slit-ventricle syndrome due to craniocerebral disproportion, and this procedure alleviated most of her symptoms.
Good Flow on Shunt Tap With High Opening Pressure. In 12 (30%) of the 40 shunt taps that demonstrated good CSF flow, the opening pressure was Ն 25 cm H 2 O. On surgical exploration, a proximal obstruction was found in 1 (8%) of these shunts, and a distal or valve obstruction in the remaining 11 (92%). There were no patients with high opening pressure who did not have an obstruction.
Good Flow on Shunt Tap With Low Opening Pressure. In 28 (70%) of the 40 shunt taps that demonstrated good flow, the opening pressure was Ͻ 25 cm H 2 O. Surgical exploration revealed a proximal obstruction in 18 (64%) of these shunts, whereas 2 (7%) had a distal or valve obstruction. None of the remaining 8 shunts in this group showed an obstruction at surgery. However, in 3 of these cases, the patients' symptoms resolved, indicating that the symptoms were indeed related to a shunt malfunction that was not evident on surgical exploration. Figure 2 shows the correlation between shunt tap results and surgical findings.
Analysis of Subgroups Based on Ventricular Size
Patients With Increased Ventricular Size. Thirty-eight of the shunt taps were associated with increased ventricular size compared to the baseline imaging studies. At surgery, 34 (89%) of the shunts were found to have a malfunction. In the remaining 4, no obstruction was found intraoperatively. One of these had valve-pressure incompatibility and experienced improvement after valve change. Symptoms persisted after each of the 3 other shunt revisions, 2 of which were in the same patient; Fig. 3 ). Thus, it appears that although most patients who have progressive ventricular enlargement are found to suffer from shunt malfunction, some do not. The question is whether age causes progressive enlargement of ventricular size in some patients.
Patients With Slit Ventricles. There were 11 presentations (16%) with slit ventricles. Five of the associated shunt taps showed poor flow, all of which correlated with postoperative improvement, while the 6 remaining shunt taps (55%) showed no obvious abnormality in flow or opening pressure. Nonetheless, symptoms resolved completely after shunt revision in these 6 cases, even though 2 of them showed no obvious obstruction intraoperatively (Fig. 4) .
Patients With Unchanged (Not Slitlike) Ventricles. There were 19 presentations with ventricles that were unchanged or smaller in size when compared with previous studies. There was poor flow in 8 (42%) of the 19 shunt taps in this group, and all 8 were found to have a proximal obstruction. Three of the 11 with good flow had high opening pressure, while in the other 8, the opening pressure was low. All 3 with high pressure were found to have distal obstructions. In the group with low pressure, 5 were found to have a proximal obstruction and 3 had no obstruction. However, in 2 of the 3 cases in which no obstruction was found, shunt revision resulted in symptom resolution (Fig. 5) .
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Comparison of Tap Results in Groups A and B.
There was no difference in shunt tap results between Group A (shunt tap indicated for diagnostic purposes) and Group B (shunt tap performed in the operating room prior to incision). In Group A (20 procedures), 60% of taps showed good flow, of which 33% had a high opening pressure. In Group B (48 procedures), 56% of taps showed good flow, of which 26% had a high opening pressure.
Discussion
The CSF shunt tap is a controversial method of diagnosing shunt failure. We have designed a prospective trial correlating shunt tap with findings from operative shunt exploration. Although the findings of operative exploration can be subjective and controversial on their own merit, they remain the gold standard by which we determine whether the shunt had been functioning. In addition, when such findings are correlated with the patient's clinical status before and after surgery, they lead to a highly reliable method of assessing shunt function. In this study, we have relied on that correlation to make the study results as objective as possible.
Abnormality on Shunt Tap or Cranial Imaging
Our results indicate that poor CSF flow on shunt tap, regardless of severity of symptoms or ventricular size, is a very reliable sign of proximal shunt obstruction (93% positive predictive value, p = 0.0001). If this is coupled with a high opening pressure, the ability to predict shunt malfunction, proximal or distal, increases to 98%. Of those taps with good CSF flow, which resulted in surgical exploration because of persistent, worsening, or rapidly life-threatening symptoms (and therefore were included in the study), 45% were nevertheless seen to have a proximal catheter shunt obstruction. In addition, in the majority of these cases, revision led to symptom improvement. It is important to note, however, that since the majority of patients who had normal shunt taps did not undergo surgery and were thus not included in this study, the predictive value of a negative shunt tap is impossible to assess.
Shunt Tap Abnormalities in Patients With Equivocal Cranial Imaging Results
Of particular importance are the 30 shunt taps (45%) performed in patients with no significant change in ventricular size on CT or MR imaging studies. The majority of these ventricles were either large or normal in size, but 11 of them (16%) had baseline slitlike ventricles. This agrees with previous reports, in particular the 1998 paper by Iskandar et al., 2 in which the incidence of unchanged and slitlike ventricles were 33 and 11%, respectively. In our group of patients with unchanged ventricles, abnormal shunt tap results (poor flow or high opening pressure) correlated strongly with a malfunctioning shunt, and the shunt tap provided a resolution of the diagnostic dilemma.
Patients With Normal Shunt Tap and Imaging Results
All patients who presented with persistent symptoms and signs of shunt malfunction, but with no objective evidence of shunt malfunction on diagnostic studies (good flow, normal opening pressure, and unchanged or smaller ventricles) underwent a period of inpatient observation. Thirteen of these admissions resulted in persistent or worsening symptoms, or episodes of bradycardia/apnea, which led to shunt exploration. Eight (62%) of the 13 were found to have a shunt obstruction (6 proximal and 2 distal), while the others did not. It is in this group of patients that clinical judgment was indispensable in diagnosing shunt malfunction. Although the vast majority of the patients who presented with the above profile eventually improved and did not require operative exploration, the fact that some did indeed suffer from a shunt malfunction makes it evident that the ability of the shunt tap to confirm a working shunt cannot be evaluated from these data.
Negative Findings on Intraoperative Shunt Exploration
Nine (13%) of the surgical shunt explorations revealed what seemed to be a working shunt. However, symptomatic improvement occurred after the majority (6 of 9) of these interventions; 2 of the other 3 interventions were in the patient who later underwent successful cranial expansion for slit-ventricle syndrome. (The patient in whom the remaining intervention was performed continued to show irritability and lethargy, but was being treated in the intensive care unit for respiratory failure and poor feeding and ultimately improved.) It was also evident that in one third of cases with proximal catheter malfunction, the catheter was adherent to brain tissue without a plug in the lumen. None of these had elevated opening pressure, and 10 (71%) of 14 showed resolution of symptoms after shunt exploration/revision. It is possible that in several of the cases in which no obstruction was discovered, the adhesions around the catheter prevented spontaneous flow but allowed aspiration with a syringe. Alternatively, the manipulation required to disconnect the tubing from the valve at the time of shunt exploration could have released the adhesions, resulting in a seemingly unobstructed catheter.
Conclusions
These results lead us to conclude with a reasonable degree of certainty that poor flow upon shunt tap indicates proximal catheter malfunction. Although the predictive value of good flow is unknown, it is fair to say that this does not rule out proximal malfunction. In these cases, clinical acumen is especially crucial in determining the plan of therapy. At our center, patients with normal findings on shunt tap and unchanged ventricular size undergo surgery if the clinical suspicion is high or the symptoms are life-threatening (such as apnea or bradycardia). Alternatively, if the clinical suspicion is low, the patients undergo a period of in-hospital observation with cardiorespiratory monitoring.
